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Abstract
Alluaudite sodium iron sulfate Na 2+2x Fe 2-x (SO 4 ) 3 is one of the most promising candidates for a Na-ion battery cathode material with earth-abundant elements; it exhibits the highest potential among any Fe 3+ /Fe 2+ redox reactions (3.8 V vs. Na + /Na), good cycle performance, and high rate capability. However, the reaction mechanism during electrochemical charging/discharging processes is still not understood. Here, we surveyed the intercalation mechanism via synchrotron X-ray diffraction (XRD), 23 Na nuclear magnetic resonance (NMR), Density functional theory (DFT) calculations, Xray absorption near edge structure (XANES), and Mössbauer spectroscopy. Throughout charging/discharging processes, the structure undergoes a reversible, single-phase (solid solution) reaction based on a Fe 3+ /Fe 2+ redox reaction with a small volume change of ca.
3.5 % after an initial structural re-arrangement upon the first charging process, where a small amount of Fe irreversibly migrates from the original site to a Na site. Sodium extraction occurs in a sequential manner at various Na sites in the structure at their specific voltage regions.
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Electrochemical energy storage systems are a promising solution, which can achieve coexistence of high-efficiency, long cycle life, and rapid charge to reduce sudden power spikes without sacrificing cost or safety. As one of the most pragmatic candidates, The crystal structure of the new compound is essentially isostructural to alluaudite, the common alkaline manganese iron phosphate mineral. 23 As typical for alluaudite compounds, the sodium iron sulfate adopts the monoclinic lattice with C2/c symmetry with the general formula of AA'BM 2 (XO 4 ) 3 , where A = Na2, A' = Na3, B = Na1, M = Fe and X = S ( Fig. 1 (i) 24 Thereby, Na occupies four distinctive sites (Na1, Na2, Na3, and Na/Fe1) on Wyckoff positions, 4e, 4b, 4e, and 8f, respectively. Two of the four Na sites, Na2 and Na3 are located within
one-dimensional open channels as illustrated in Fig. 1(i) .
To the best of our knowledge, the detailed mechanism of structural changes during electrochemical cycling has not been investigated yet. A clear understanding of electrochemical processes is essential for further performance improvements for this important class of cathode materials. In this work, structural changes during the charging and discharging processes were examined, and the underlying mechanism of the irreversible profile during the first charging process as well as the stabilized behavior in the subsequent cycles were revealed. 27 All spectra were analyzed using DMFIT. 28 The investigated samples were prepared by chemical oxidation (desodiation) and reduction (sodiation). Chemical oxidation was done using 
X-ray absorption near edge spectroscopy (XANES)
XANES spectra were measured at KEK PF BL-7C. Fe K-edge absorption spectra (7080-7180 eV) were collected at room temperature. The X-ray intensity was monitored by ionization chambers in transmission mode using a Si (111) double-crystal monochromator for energy selection. The obtained data were processed with Athena. 29 The electrochemically charged and discharged electrode tapes (about 10 mm in diameter) were applied for the measurements. They were washed with dimethyl carbonate (DMC, Kishida Chemical) and sealed in Ar filled polyethylene films (Asahi Kasei Pax).
Mössbauer spectroscopy
Mössbauer spectra were measured for electrochemically charged and discharged samples with a Topologic System Inc. spectrometer equipped with a 57 Co/Rh γ-ray source. The velocity was calibrated by using α-Fe. The electrode tapes were processed in the same way as described for the XANES measurements. The obtained spectra were fitted by MossWinn (version 3.0) software.
Density functional theory (DFT) calculations
In the calculations, the composition of the pristine Na The Fermi contact shifts for the Na sites were calculated from the lowest energy structure. The first principles solid-state DFT calculations were performed within the CRYSTAL09 linear combinations of atomic orbitals code 44 .
Two hybrid functionals were used, namely, the B3LYP functional [with 20%
Hartree−Fock (HF) exchange] 45 with a previously shown satisfactory performance for the electronic structure and band gaps of a wide class of materials 45 and for the properties of transition metal compounds 45, 46 and a related 35% HF functional [47] [48] [49] shown to provide magnetic coupling constants consistent with experimental values 47, 48 .
Moreover, additional calculations suggest that hybrid functionals with HF exchange in the range from 20 to 35% provide electron−nuclear hyperfine parameters in good agreement with experimental data. 49 The Fermi contact contribution to the hyperfine shift was computed directly from the spin density at the 23 Na nuclear position in the ferromagnetic state and subsequently scaled to a value consistent with the paramagnetic state, as described previously by Kim et al. 50 The Weiss constant and the effective magnetic moment of 12.55 K and 5.20 µ B , which were obtained by Barpanda et al., were applied to evaluate the magnetic parameters defining the temperature dependent paramagnetic susceptibilities of the system. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
Results and Discussion
Electrochemical charging/discharging behaviors
Charging/discharging curves and the corresponding differential galvanostatic profiles (dQ/dV) of alluaudite sodium iron sulfate are shown in Fig. 2 (i) . The dQ/dV curve (inset of Fig. 2 (i) , where Li-Fe site exchange takes place during the first charging process. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 (a)-(n). Purple, light blue, orange, and green bars indicate Na + amounts on the Na1, Na2, Na3, and Na/Fe1 sites, respectively.
Crystal structure changes
To probe the structural changes during electrochemical cycling, ex situ XRD measurements and Rietveld refinements were performed for Na 2.56−y Fe 1.72 (SO 4 ) 3 electrodes ( Fig. 3 (i) ). Refined lattice parameters a, b, c, β and the unit cell volume V are given in Fig. 3 (ii) (refined patterns and refinement indices are shown in Fig. S1 and Table S1 in Supporting Information). For the refinements, the total amounts of Na were fixed to be those calculated by the electrochemical reaction and atomic displacement parameters of the pristine electrode at (a) in Fig. 2 (i) were used. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Upon the first charging process, the lattice parameters a and c continuously decrease, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 decreases from 0.561(5) to 0.072 (7) . This indicates that Na extraction primarily occurred at the Na3 site, which is consistent with the computational results for the shallowest potential of the Na3 site, involving a small migration energy between Na3-Na3 sites (ca. 300 meV). 22, 57 At this stage, g Na2 decreased by only about 0.27, while g Na1 , and g Na/Fe1 remained constant, where g Na2, g Na1, and g Na/Fe1 are the occupancies of Na ions in Na2, Na1 site and Fe1 site, respectively. On further charging up to (d), after the irreversible sharp peak observed in the dQ/dV plot, a drastic change was observed in the diffraction pattern, which cannot be explained by the occupancy change in mobile Na2
and Na3 sites only. 22, 57 The calculated Fourier difference map (Fig. 4 (i) ) indicates positive residual electron density on the Na1 site, suggesting that the site is replaced by heavier ions. Thereby, we adopted a structural model in which Fe migrated into the Na1 site (referred to Fe/Na1 site), as illustrated in Fig.1 (ii) . For the refinement, the total number of Fe was fixed to unity with linear constraint: 2g Fe1 + g Fe/Na1 = 1.72. The refinement based on the proposed model leads to an improvement of the R-factors (e.g., the R-weighted pattern (R wp ) reduced from 0.0315 to 0.0285) as well as the disappearance of unreasonable residual electron density on the Na1 site (Fig. 4(ii) ),
where about 16 % of Fe at Fe1 site (∆g Fe1 = 0.21) migrated to Na1 site. Using the modified structure formed at time point (d), the bond-valence-sum (BVS) value calculated for Na1 site (expected to be 1.0 for Na + ) 58 We therefore propose that the sharp peak in the dQ/dV curve at 4.06 V in the first charging process, is associated with Na extraction from Na1 site, which then starts to induce Fe 3+ migration from the Fe1(8f) site into the vacant Na1 (4e) site.
At the fully charged state (e), g Na2 decreased to 0, and the diffraction peaks were broadened (Fig. 3) , presumably due to a long range disordering induced by micro strains, as the peak width showed a reversible change upon subsequent charge/discharge processes. Therefore, throughout the whole initial charging process, Na extraction occurs primarily at Na3 followed by the Na1 and Na2 sites.
In the following discharging process of (e)-(g), the increase for g Na2 dominated,
while negligible changes occurred for g Na1 , g Na3 and g Na/Fe1 . Therefore, the cathodic peak at 3.99 V in the dQ/dV plot is attributed to Na insertion into the Na2 site. In the deeper discharge, (g)-(h), g Na3 started to increase, showing that the potential peak at 3.76 V is mainly due to Na insertion into Na3 site. At the last step of the discharging process (h)-(j), g Na/Fe1 increased, while those of the other Na sites remained constant. Thus, the peak at 3.37 V in the dQ/dV plot corresponds to Na insertion into the vacant Fe1 site, which had been occupied by Fe ions before the migration of Fe 3+ into Na1 site in the first charging process. Throughout the whole discharging process, negligible occupancy change for Fe at Fe1 site (∆g Fe1 = ca. 0.09) was observed. Thus, Fe migration occurs in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the first charging process but not in the subsequent cycles, which provide reversible features as a battery cathode. Upon the subsequent (second) charging process (j)-(n), the electrode reaction is reversible tracing the preceding discharging step. Sequential Na extraction occurs in the order of Na/Fe1 followed by Na3 and Na2 sites, pairing the three broad peaks in the dQ/dV plot. 385/263, 138/65, and 177/91 ppm for Na1, Na2, Na3, and Na/Fe1 (Fig. 1i , Table S4 ).
Solid-state NMR spectroscopy and DFT calculations
Based on these shift regimes and the hyperfine shift trend of Na1 < Na3 < Na/Fe1 < Na2, the two 23 Na NMR signals for pristine Na 2.56-y Fe 1.72 (SO 4 ) 3 (y = 0.0) are attributed to Na1+Na3 (green; −40 ppm) and Na2+Na/Fe1 (purple; 70 ppm), respectively ( Fig. 5 (i), Fig. S2 (i) , Table S3 ). The sources of the noticeable differences between the calculated and observed hyperfine shifts are ascribed, at least in part, to the neglect of terms such as the pseudocontact shift 63, 64 , which are likely to be significant in systems with relatively small Fermi-contact shifts and that contain S = 2, T states (with residual orbital angular momentum; see SI for further discussion).
A comparison of the site occupancies derived by Rietveld refinements of the XRD data with the fractions of the two Na environments detected by NMR is 6.2/4.0 (= 1.6) vs. 0.6/0.4 (= 1.5). The calculation is based on Na1(4e)+Na3(4e) and (Table S2 and Table S3 ). The good agreement of the ratios derived by independent methods supports the analysis of the local atomic environments and their assignments.
The 23 Na NMR signals of Na 2.56−y Fe 1.72 (SO 4 ) 3 show significant changes of the line shape and an overall positive shift during desodiation that is reversed during sodiation ( Fig. 5 (ii) , Fig. S2 (ii) ). This is generally due to an increase in the concentration of Fe
3+
ions with more unpaired electrons in the t 2g 3 e g 2 configuration during desodiation causing stronger electron spin density transfer to the Na and a positive shift and vice versa during the sodiation. Specifically, the decrease in the intensity and shift to more positive frequencies of the negative resonance (assigned to the Na1 and Na3 sites) is assigned, with the aid of the Rietveld refinement results, to the removal of the Na3 Na + ions and the oxidation of the Fe 2+ ions nearby the Na1 sites. Note that the 23 Na NMR line shape of the fully sodiated sample (y = 0.1) slightly differs from that of the pristine (y = 0) sample (Fig 5 (ii) , Fig. S2 (ii) ). The intensity decrease of the negatively shifted signal is tentatively assigned to the irreversible desodiation from Na1 site at the first charging process, which is consistent with the results of Rietveld refinements. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the effects of spin-orbit coupling, such as the pseudo contact shift and zero-field splitting, are neglected here, which will be included in further DFT studies. Table S3, and Table S4 
Reversible valence state changes of iron (XANES and Mössbauer)
To investigate the oxidation state of Fe, we performed ex situ XANES measurements during the first charging and discharging processes. As illustrated in Fig. 6 , the K-edge of Fe shifted toward higher energy upon charging with the corresponding features for the pre-edge region (inset of Fig. 6 ), which is consistent with the increase of Fe oxidation state. No isosbestic points were observed, supporting the single-phase Table S5 in the Supporting Information. The line profiles are extensively broad due to various possible Na arrangements around Fe sites, so distributions of quadrupole splittings (QS) are postulated. A spectrum after the first electrochemical cycle (Fig S3 (iii) ) shows all of the Fe species are attributed to be Fe 2+ .
These suggest the irreversible capacity (~16 mAhg -1 ) is mainly due to the decomposition of the electrolyte and the irreversible Fe migration at the initial charging process gives the minimal effect for reversibility of the Fe 3+ /Fe 2+ redox reaction. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
Conclusion
The present study reveals the electrochemical reaction mechanism of alluaudite sodium iron sulfate as a Na-ion battery cathode via a combined approach with diffraction and spectroscopic measurements. The single-phase (solid-solution) reaction occurs involving an irreversible rearrangement reaction upon the first charging process.
The origin of the irreversibility is the Na extraction from Na1 site accompanied by Fe migration from Fe1 to Na1 site; this mechanism is similar to that of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
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